Abstract: Clostridium difficile is a major cause of morbidity and mortality worldwide, causing over 400,000 infections and approximately 29,000 deaths in the United States alone each year. C. difficile is the most common cause of nosocomial diarrhoea in the developed world, and, in recent years, the emergence of hyper-virulent (mainly ribotypes 027 and 078, sometimes characterised by increased toxin production), epidemic strains and an increase in the number of community-acquired infections has caused further concern. Antibiotic therapy with metronidazole, vancomycin or fidaxomicin is the primary treatment for C. difficile infection (CDI). However, CDI is unique, in that, antibiotic use is also a major risk factor for acquiring CDI or recurrent CDI due to disruption of the normal gut microbiota. Therefore, there is an urgent need for alternative, non-antibiotic therapeutics to treat or prevent CDI. Here, we review a number of such potential treatments which have emerged from advances in the field of microbiome research.
Introduction
The human gastrointestinal (GI) tract harbours hundreds of microbial species (gut microbiota) and thousands of strains, and is one of the most densely populated ecosystems on Earth [1] . The oft-stated claim that bacterial cells in the gut outnumber human cells in the body by a ratio of 10:1 has recently been revised and proposed to be approximately a 1:1 ratio [2] . Nevertheless, the actual ratio and number of cells is not as important as the functional capacity of the gut microbiota, which has numerous positive benefits for host health and physiology; including enhanced energy harvest, vitamin synthesis, modulating intestinal and immune cell proliferation and development, and providing protection against infection [3] [4] [5] [6] [7] [8] . Disruption of the "normal" gut microbiota composition has important implications for human health and disease, having been linked to conditions such as inflammatory bowel disease (IBD), irritable bowel syndrome (IBS), cancer and obesity [9] [10] [11] . In many cases, more evidence is needed to definitively link the microbiota and disease, and it is unknown if an altered microbiota is a cause or effect of the disease state [12] . In the case of Clostridium difficile infection (CDI), the majority of cases are undoubtedly linked to altered gut microbiota composition, usually following administration of antibiotics to the host [13] . Here, we review how advances in microbiome research have revealed novel opportunities for the control of C. difficile.
Clostridium difficile
C. difficile is a Gram-positive, anaerobic, spore-forming bacterium. Once established in the gut, C. difficile produces two main toxins, Toxin A (TcdA) and Toxin B (TcdB), which cause enterotoxic, cytotoxic and inflammatory damage to intestinal cells [14] . TcdA and TcdB are members of the large clostridial glucosylating toxin (LCGT) family. Both toxins target cellular GTPases of the Rho and Ras families [15] . TcdA was initially proposed as the main virulence factor in C. difficile [16] . More recently, it was reported that only TcdB is essential for virulence [17] . A later, conflicting study showed that both TcdA and TcdB are important for C. difficile infection [18, 19] , although TcdA-negative strains of C. difficile have been identified in clinical isolates [20, 21] . The two major toxins, TcdA and TcdB, are encoded by the tcdA and tcdB genes, respectively, which are located on the "PaLoc" pathogenicity locus. Some strains of C. difficile may also encode the C. difficile transferase (CDT) binary toxin. Non-toxigenic strains of C. difficile are not usually associated with human disease, but it has been shown that horizontal transfer of PaLoc can allow non-toxigenic C. difficile to produce active toxins [22] .
C. difficile is one of the most notorious gastrointestinal pathogens and is the most common identifiable cause of infectious nosocomial diarrhoea in developed countries and the major cause of gastroenteritis in nursing homes and health care facilities for the elderly [23, 24] . In recent years, increases in the frequency and severity of CDI have been observed, as well as increased risk of community-associated CDI and CDI in persons previously thought to be low risk [25] [26] [27] . It is estimated that CDI affects up to 1.2% of hospitalized patients in the United States, representing an estimated cost of $433-$797 million per year [28] [29] [30] . In Europe, the estimated cost is approximately €3 billion per year, which is likely to increase concomitant with a more elderly society; more than 134 million Europeans will be >65 years by 2050 [31] .
In addition to hospitalization, the most significant predisposing factors for CDI include advanced age (>65 years) and antibiotic therapy (disrupts the normal gut microbiota) [32] . The most common antibiotics implicated to date include broad-spectrum cephalosporins, fluoroquinolones and clindamycin [33] [34] [35] . The only remaining effective therapeutic agents are metronidazole, vancomycin and fidaxomicin [36, 37] . Against this backdrop, the last decade has seen the emergence of a new epidemic of CDI [38] characterised by increased frequency and severity of enteric disease and increased resistance to antibiotic therapy. Faced with this epidemic, clinicians are struggling to find viable therapeutic alternatives [37] . An overview of the cycle of CDI is presented in Figure 1A .
The following sections outline a number of alternative, non-antibiotic approaches that have potential to control C. difficile.
Faecal Microbiota Transplantation
Faecal microbiota transplantation (FMT) is the transfer of a suspension of faecal material from a healthy donor to a recipient with aim of re-establishing a "normal" microbiota profile, usually for the treatment of recurrent CDI. Delivery of faecal material to recipients is usually either via rectal enema, naso-duodenal tube or colonoscopy. Recommendations state that if there are three or more recurrences of CDI following pulsed vancomycin therapy, FMT should be considered the next therapeutic option [39] . FMT therapy for CDI has repeatedly provided promising results for treatment of CDI. In a landmark randomised, open label, clinical trial, van Nood and colleagues, compared FMT, vancomycin and bowel lavage to vancomycin and bowel lavage and vancomycin alone [40] . Overall, a 94% cure rate (15/16 patients) was observed for the FMT group, with 81% (13/16 patients) cured after one FMT dose. Two further patients were cured following a second FMT. This compared to 23% and 31% cure rates in the vancomycin-bowel lavage and vancomycin alone groups, respectively. The trial was suspended early, as it was deemed unethical not to provide FMT treatment to the control groups. Furthermore, increased microbiota diversity was noted in FMT recipients, with increases in Bacteroidetes, Clostridium clusters IV and XIVa, and decreases in Proteobacteria [40] . Another recent clinical trial, reported a 90% cure rate for FMT compared to 23% for vancomycin-treated control group [41] . Such high cure rates are not uncommon for FMT treatment for CDI. A systematic review of FMT reported a mean cure rate of~91% [42] and a similar study with a meta-analysis assessing long-term (>3 months) efficacy and safety of 18 different studies including >600 patients also reported a primary cure rate of~91% [43] . A number of additional studies have also reported similar cure rates [44, 45] .
Despite the success rates, general efficacy and low incidence of adverse events associated with FMT, there are legitimate safety and regulatory concerns. While most adverse events are mild to moderate (e.g., bloating, flatulence, abdominal discomfort and diarrhoea), long-term side effects which are currently unpredictable or unknown, may emerge in the future. Therefore, larger longitudinal trials, which monitor patients over a period of years rather than months, are required. Brandt et al., reported four patients with new conditions post-FMT, including peripheral neuropathy, Sjorgren's syndrome, idiopathic thrombocytopenic purpura and rheumatoid arthritis, but it is unknown if these are related to FMT [44] . Another study reported microscopic colitis, Sjorgren's syndrome, follicular lymphoma, contact dermatitis, idiopathic Bence-Jones proteinuria and laryngeal carcinoma post-FMT, but these were thought to be associated with unrelated, pre-disposing factors [46] . Additional rare adverse events, such as bacteraemia, fever, colonic perforation and death, are reviewed by Baxter and Colville [47] . Even with rigorous screening of donor faecal samples for any potential major pathogens [48] it is not possible to screen for all. Furthermore, FMT is sometimes erroneously referred to as faecal bacteriotherapy, which is plainly wrong, as faeces is a complex mix of bacteria, as well as archaea, fungi, viruses, human cells, metabolites and more [49] . Despite the risks, many of which are currently unknown, the exceptionally high cure rate and the fact that FMT may be a last resort treatment following repeated failure of antibiotic therapy make FMT a life-saving option for the treatment of CDI in many cases.
Regulation of FMT has also become an important issue. The Food and Drug Administration (FDA) in the United States had initially classed FMT as a drug and biological product and, as such, brought FMT under the same remit and regulations as traditional pharmaceutical drugs. This decision was soon revised to exercise discretion in cases where FMT was to be used in the case of CDI [50] . As of yet, FMT has not been regulated in Europe, as far as we are aware. Regulation of FMT is complicated by the multifarious nature of faecal samples. No two samples from different individual donors will be the same, so how does one apply a regulatory framework to what are essentially different "products"? The answer is not immediately obvious and there are concerns that over-regulation or granting of exclusivity to one stool-bank supplier may increase the cost of FMT and drive desperate patients to the precarious area of "do-it-yourself" FMT [50] . Other authors have argued that FMT could be regulated as tissue, rather than a drug or given its own classification altogether [51] . Obviously some regulation is required, the extent of which may lie somewhere in the middle of no regulation and regulation as a drug. Given the unique nature of the procedure and the transplanted faecal material, a stand-alone classification may be the most practical solution.
Defined Strain or Spore Formulations
A similar approach to FMT, but using a more defined microbiota mixture, a number of studies have investigated using single or a defined number of strains to compete with C. difficile. Khanna et al., assessed the efficacy of a spore mixture (SER-109) to prevent recurrent CDI in a phase Ib clinical trial [52] . Stool samples from healthy donors were screened, processed and treated with ethanol to kill vegetative cells. Overall, SER-109 was administered to 30 patients; 26 (86.7%) of which had no recurrent C. difficile associated diarrhoea up to the eight-week end-point of the study. SER-109 was well tolerated, but some mild to moderate adverse events were noted, such as diarrhoea, nausea and abdominal pain. Furthermore, gut microbiota diversity was increased following treatment, including commensal species not present in the SER-109 spore preparation. Although the study lacked a placebo group, the results were nevertheless promising and demonstrated a potentially safer method than FMT, where whole faecal preparations are administered, rather than purified spores [52] . Despite the initially promising results of the phase Ib trial, a subsequent phase II trial of SER-109 failed to achieve the primary efficacy endpoint of reduced CDI occurrence after 8 weeks. A recent press release from the company, Seres Therapeutics, detailing the interim results of the trial can be found at the following link: http://ir.serestherapeutics.com/phoenix.zhtml?c=254006&p=RssLanding&cat=news&id=2190006.
The failed SER-109 trial was surprising to the company and observers alike, but perhaps serves as a reminder that the gut microbiome is an exquisitely complex ecosystem and may not be as easily manipulated as we would hope.
A spore preparation of non-toxigenic C. difficile (NTCD) has also been assessed to prevent recurrent CDI. The phase II, randomised, double-blind, placebo-controlled trial included 168 patients. The trial drug was concluded to be well tolerated and safe, with relatively few adverse events noted. CDI recurrence was reported in 11% of patients receiving spore treatment and in 30% of placebo controls. Interestingly, successful colonisation with spore treatment was associated with lower recurrence, indicating additional factors may influence infection resistance; 2% of patients who were colonised with NTCD spores suffered recurrence, compared to 31% in non-colonised patients [53] . One serious area of concern with using NTCD is that horizontal transfer, albeit at low frequency, of the PaLoc (containing the genes encoding TcdA and TcdB) has been demonstrated experimentally [22] and also shown to have occurred in circulating C. difficile populations [54] . Of further concern, is the co-transfer of conjugative transposons encoding antibiotic resistance genes with PaLoc [22] . Clearly, creating a situation where NTCD can become toxigenic is highly undesirable; the risks and the conditions that favour the transfer of PaLoc will need to be determined prior to widespread adoption of NTCD spores as a treatment. This point is further reinforced by the isolation of toxin-negative C. difficile strains from humans and animals with GI disease symptoms [55] . The authors state that disease symptoms were likely due to non-toxigenic C. difficile, but they could also have been due to an unknown or uncultured organism. Nevertheless, knowledge of the pathogenicity and virulence of non-toxigenic strains is limited and quite ambiguous, requiring further research.
Another recent study identified 11 bacterial operational taxonomic units (OTUs) associated with resistance to C. difficile infection [56] . The OTUs originated mainly from Clostridium cluster XIVa, while Clostridium scindens was the species most strongly associated with infection resistance. In addition, using a systems biology approach and mathematical modelling, C. scindens was also identified from human models. Culturing and transfer of a mixture of the four OTUs most strongly associated with resistance, or transfer of C. scindens alone to mice reduced C. difficile infection and mortality. Furthermore, the authors unravelled a potential mechanism of action for C. scindens inhibition of C. difficile through secondary bile acid modification. C. scindens possesses the baiCD (bile acid inducible) locus, which encodes 7a-hydroxysteroid dehydrogenase, an essential enzyme for dihydroxylation and secondary bile acid biosynthesis, of which, deoxycholate and lithocholate inhibit C. difficile.
In a proof on concept study, representative species from a healthy donor stool sample were cultured and combined as a stool substitute ("RePOOPulate"). Thirty-three species were included in the stool substitute following culturing and administered to two patients who had not responded to antibiotic treatment for recurrent CDI (hyper-virulent C. difficile 078). Both patients formed normal stool within two to three days of treatment and did not relapse despite receiving antibiotics for additional, unrelated infections. Both patients remained free of recurrent CDI after six months follow-up [57] . A similar study has previously been shown to be successful for the prevention of recurrent CDI in mice, where the authors used a defined, six-species cocktail of bacteria including Staphylococcus warneri, Enterococcus hirae, Lactobacillus reuteri, and novel species from the genera Anaerostipes, Bacteroides and Enterorhabdus [58] .
Overall, these studies represent promising results for the use of defined bacterial formulations for the treatment of CDI. Larger studies are needed however, and it is unlikely there is a "magic-bullet" mixture of species or strains that will work for everyone. Complex interactions and differences in the composition of the gut microbiota of different donors and recipients, host immune factors and genetics are all likely to influence the success or otherwise of such treatments.
Microbiome-Wide Association Studies (MWAS)
Microbiome-wide association studies (MWAS) integrate systems biology approaches such as metagenomics, metatranscriptomics, metaproteomics and metabolomics with the aim of identifying complex interactions between microbial communities and potential links to health and disease [59] . For example, by combining metagenomics and metabolomics with animal infection studies, Koenigsknecht and colleagues determined the dynamics of CDI in mice [60] . C. difficile colony counts increased from 10 2 CFU/g of intestinal contents to 10 8 CFU/g by 18 h post-infection in the distal GI tract and were found throughout the entire GI tract at 36 h (time of death). Toxins were detected at 24 h post challenge, which overlapped with the first detection of spores and the number of spores was found to be highest in the large intestine. In addition, the first evidence of histopathological damage was seen at 30 h, which coincided with the first outwardly observable signs of illness in the mice. Metagenomic sequencing revealed changes to the microbiota over the time-course of the experiment: members of the Lactobacillaceae eventually dominated the distal small intestine and C. difficile dominated the large intestine. Furthermore, metabolomic analysis revealed that antibiotic treatment altered the composition of bile acids in the intestine, most notably, the depletion of secondary bile acids (which can inhibit vegetative C. difficile) [60] . Antibiotic treatment likely destroys members of the commensal microbiota that metabolise primary bile acids to secondary bile acids, leaving a greater pool of primary bile acids which promote C. difficile spore germination. Another recent integrative study has also shown that levels of primary bile acids were significantly higher in stool samples from patients with recurrent CDI compared to controls and certain bile acid ratios could be used to correctly differentiate between patients with a first episode of CDI and patients with recurrent CDI~84% of the time [61] . The C. scindens study [56] outlined above is also a good example of a MWAS. Integrating metagenomic and 16S rRNA sequencing, animal models, clinical data and mathematical modelling identified C. scindens as a potential species which aids resistance against CDI, which was proved by transplanting C. scindens to mice receiving antibiotics and challenged with C. difficile [56] . These studies illustrate how the power of a combined approach to studying the microbiome can lead to definitive links between the microbiome and diseases such as CDI. Future work will focus on the challenge of translating this knowledge into clinically relevant diagnostics, prognostics and treatments. MWAS could also be used to track combined changes in microbiota composition, gene expression and metabolomic profiles over time following FMT to treat CDI [59] . While still in its infancy, a MWAS approach could reveal novel insights regarding CDI in the future.
Whole-Genome Sequencing
Improvements to DNA sequencing technologies, reduced costs and increased throughput is bringing whole-genome sequencing (WGS) to the forefront of clinical microbiology, pathogen diagnostics and epidemiology. For example, Public Health England (PHE) are now characterising all potential Salmonella enterica isolates using WGS [62] . Similarly, the Centres for Disease Control (CDC) and collaborators have implemented the "Listeria Whole-Genome Sequencing Project" for all Listeria isolates in the United States [63] . WGS provides higher-resolution data (WGS can detect insertion, deletion and recombination events in genome sequences, as well as single nucleotide polymorphisms (SNPs)) compared to typing methods such as pulse-field gel electrophoresis (PFGE), multi-locus sequence typing (MLST) and serotyping, enabling improved identification of an outbreak source and potential transmission events [64] . Numerous studies have demonstrated the effectiveness of WGS for analysing and tracking outbreaks of clinically relevant pathogens, such as Staphylococcus aureus, Acinetobacter baumannii, Klebsiella pneumoniae and Pseudomonas aeruginosa [65] [66] [67] [68] .
A number of studies have also focused on C. difficile. WGS and phylogenetic analysis were used to track transmission of epidemic clones of C. difficile 027 among patients in hospital wards over a two-year period [69] . High-resolution SNP analysis following WGS identified 27 distinct genotypes and 32 potential occasions transmission occurred either directly or indirectly. In addition, highly contagious donors, who infected numerous other patients, were also identified. Recurrent infections, either by the same or by a different strain could be discriminated even up to 26 weeks duration.
Similarly, Mac Aogain and colleagues found recurrent CDI outside the stated eight-week cut-off [70] . Additionally, WGS distinguished between relapse (with the same strain of C. difficile) and reinfection (with a different strain), and could identify within-strain evolution by characterising emerging SNPs during the course of recurrent infection. A number of SNPs caused non-synonymous mutations in protein-coding genes, some of which encode virulence regulators and therefore have important clinical implications [70] . Jia et al., identified two outbreaks in a hospital in mainland China and used WGS to reconstruct a transmission map and trace the source of a bloodstream infection to a C. difficile 027 strain rarely found in China [71] .
Outside of a hospital ward environment, WGS has also been used to track and distinguish C. difficile isolates on a national scale. For example, Eyre et al. investigated an Australia-wide outbreak of an uncommon C. difficile 244 ribotype. An unusually high proportion of infections appeared to be community-acquired and in patients <65 years old. Although the source could not be identified, isolates were very closely related genetically, even though they were isolated from locations all across Australia and separated by thousands of kilometres. The authors consider an animal or food as a potential source. WGS also revealed spread of the outbreak strain to Southampton, England, by an individual who had travelled from Australia during this time [72] . WGS has also been used to map the introduction and spread of fluoroquinolone-resistant C. difficile 027 in Germany [73] . Furthermore, WGS has identified identical and near identical (<2 SNPs between isolates) strains of C. difficile in both farmers and pigs on farms in the Netherlands, indicating potential transmission between both, while some strains also shared mobile tetracycline and streptomycin resistance determinants [74] .
The emergence of novel sequencing technologies, such as Oxford Nanopore's MinION sequencer (www.nanoporetech.com), could revolutionise pathogen diagnostics and treatment in the field. This portable DNA sequencer can be connected to any suitable laptop or PC and provide rapid, long read, real-time DNA sequencing. While the platform is still optimising and improving accuracy and error rates, a number of studies have already demonstrated its potential. Retrospective sequencing of samples from a Salmonella outbreak, which had been sequenced previously using an Illumina MiSeq, were sequenced using the MinION. It was possible to identify the species as S. enterica 30 min after loading the sample, identify the likely serovar as Enteritidis after 40 min and confidently assign the strain to the outbreak cluster within 100 min [75] . This technology has since been used for real-time genomic surveillance of the recent Ebola epidemic in West Africa [76] . Furthermore, a recent study has developed a method to selectively sequence only specific regions of interest in DNA. The method termed "Read Until" uses a predetermined squiggle pattern from the sequence of DNA of interest as a reference and rejects non-matches, only sequencing regions that match the reference squiggle [77] . Further development and optimisation of this approach could enable extremely rapid pathogen diagnostics.
Currently routine WGS in clinical microbiology is most suited to public health and reference laboratories and is unlikely to be adopted on a widespread basis by individual hospitals in the short-term and many factors need to be considered, including cost, infrastructure, sequencing capacity and data analysis capabilities [78] . Further cost reductions, technological developments and perhaps most importantly, overcoming challenges associated with bioinformatic analysis [78] [79] [80] will all aid the more widespread adoption of WGS in clinical settings. Finally, a recent study has shown that significant monetary savings (in excess of €200,000 in this case) can be achieved by adopting WGS to inform more targeted infection control policies [81] . If such savings can be consistently demonstrated, they are likely to be key in deciding whether to adopt routine WGS and would also offset a proportion of the setup costs.
Probiotics
Probiotics, defined as "products that deliver live micro-organisms with a suitable viable count of well-defined strains, with a reasonable expectation of delivering benefits for the wellbeing of the host" [82] , have been investigated for many years as a therapy to prevent CDI and other gastrointestinal conditions [83, 84] .
One observational study assessed the efficacy of a three-strain probiotic mixture, BioK+ ® (containing Lactobacillus acidophilus CL1285, Lactobacillus casei LBC80R and Lactobacillus rhamnosus CLR2), on all adult patients given any antibiotic, to prevent CDI. The probiotic was given within 2-12 h following antibiotic administration and continued for at least 30 days or until the course of antibiotic was finished. A 39% reduction in the rate of CDI cases was seen and this intervention was monitored over 10 years. Overall, almost 45,000 patients received the probiotic and the CDI rate decreased from 18.0 cases per 10,000 patient-days to an average of 2.3 cases per 10,000 patient-days, in which time the incidence of CDI remained low [85] . An earlier study using the same probiotic preparation (BioK+ ® ) for prevention of antibiotic-associated diarrhoea (AAD) and CDI, compared three treatment groups (two probiotic capsules per day (Pro-2), one probiotic and one placebo capsule per day (Pro-1) and two placebo capsules per day). Both probiotic groups had a lower incidence of AAD and shorter symptom duration. Furthermore, the incidence of CDI was lower for both probiotic groups (1.2% and 9.4% for Pro-2 and Pro-1 groups, respectively) compared to 23.8% for the placebo group [86] . A number of systematic reviews and meta-analyses have also determined that reduced rates of CDI are associated with providing probiotics as an adjunctive treatment to patients receiving antibiotics [87] [88] [89] .
The efficacy of a species of yeast, Saccharomyces boulardii, has also been tested in a number of clinical trials. S. boulardii treated patients were found to have significantly lower rates of CDI recurrence (26%) compared to placebo-treated groups (45%) in a phase III clinical trial [90] . Another phase III trial compared S. boulardii in combination with high and low dose vancomycin or metronidazole versus placebo. Only S. boulardii and high-dose vancomycin therapy showed a lower CDI recurrence rate (17%) compared to the placebo group (50%) [91] . A further trial however, found that S. boulardii was not effective at preventing AAD in elderly patients [92] .
Two randomised, controlled trials using Lactobacillus rhamnosus GG and Lactobacillus plantarum 299v did not demonstrate efficacy of probiotic treatment over placebo for the prevention of AAD, although it is difficult to draw definitive conclusions due to the small sample size of study participants [93, 94] . A multi-centre, randomised, double-blind, placebo-controlled trial found no benefit to probiotic (mixture of two Lactobacillus and two Bifidobacterium strains) administration in the prevention of CDI in more 2941 patients >65 years of age [95, 96] .
Overall, there appears to be evidence supporting the theory that adjunctive probiotics can help prevent CDI in some cases (mainly primary CDI, rather than secondary prevention of recurrent CDI [97] ). There is a need for much larger multi-centre, randomised, double-blind, placebo controlled trials as the apparent strain-specific efficacy, single or multiple strain combinations and other confounding factors such as composition of patients' gut microbiota, host immune status and genetics, all likely contribute to success or failure of different probiotic strains.
An alternative approach, which has been gaining significant traction in recent years, is the application of synthetic biology and bioengineering of microorganisms to target specific pathogens [98, 99] . Significant research has focused on improving the robustness of certain probiotic strains to enhance survival during passage through GI tract and ultimately increase persistence and the timeframe to elicit a therapeutic benefit [100] [101] [102] [103] [104] [105] . Additionally, probiotics have been genetically modified to kill specific pathogens. Escherichia coli was engineered to detect and move toward P. aeruginosa by modifying a chemotaxis protein (CheY) and subsequently produce an anti-Pseudomonas bacteriocin and nuclease to destroy both planktonic cells and biofilms in response to a trigger molecule produced by P. aeruginosa (N-acyl homoserine lactone; AHL) [106] . A similar bacteriocin-mediated killing approach was developed also to target P. aeruginosa following lysis of the producing strain [107] . Bioengineered probiotics have also been developed which target and bind bacterial toxins. By expressing genes, which encode oligosaccharide moieties, probiotics display modified cell surface proteins, which mimic core structures of host cell receptors for various toxins. For example, Paton and co-workers developed an E. coli strain expressing a receptor mimic, which could bind Shiga toxin (Stx) and protect mice from a fatal dose of Shiga-toxigenic E. coli (STEC) [108] . Similarly, bacteria engineered to bind enterotoxigenic E. coli (ETEC) labile toxin and cholera toxin (Ctx) have also been successfully developed [109, 110] .
More recently, a novel system has been developed in Salmonella. A genetic circuit was created to induce cellular lysis at a certain level of population density in response to AHL. Upon lysis, the engineered strain releases a haemolytic toxin, encoded by the E. coli hlyE gene. A low number of bacteria survive and repopulate the environment and can begin the cycle again, creating synchronised, oscillatory cycles of toxin/drug delivery. Furthermore, the engineered strain was demonstrated to decrease tumour activity and increase mean survival time by approximately 50% in mice [111] . While not a trivial undertaking, such a system could be adapted to incorporate a different delivery strain, regulatory control mechanism, drug/toxin or target organism or cell type. We are not aware of any bioengineered probiotics that have as yet, been developed to target C. difficile, but it may prove an interesting area to pursue in the future, by tailoring or combining some of the examples above to specifically target C. difficile as outlined by Sleator and Hill [112] .
Small Molecule Inhibitors
The mammalian GI tract contains thousands of small molecule compounds, many of which are uncharacterised [113] . Such molecules play roles in intra-and intercellular communication (e.g., host-microbe, host-host and microbe-microbe) and may inhibit cellular processes. For example, Antunes et al., identified small molecules from human faecal sample extracts that could repress expression of invasion genes in Salmonella [114] . Most notably, repression of genes on Salmonella Pathogenicity Island 1 (SPI-1) and their global regulator, HilA, were among the most repressed and in vitro cell culture invasion was reduced 96% in the presence of the faecal extracts. Furthermore, production of the small molecule inhibitor was assigned to Clostridium citroniae and closely related strains from Clostridium cluster XIVa [114] . While the above example does not target C. difficile, it does highlight the potential to identify anti-virulence molecules from within the gut microbiome. A similar screening approach targeting C. difficile may identify novel small molecules with therapeutic potential.
Such inhibitors could also be important following the recent discovery that synthesis of C. difficile TcdA and TcdB is regulated by a novel quorum-signalling thiolactone molecule (which could be detected in the stool of patients with CDI) [115] . This is an important finding as, as we have mentioned previously, non-toxigenic strains are not usually associated with disease. Therefore, identifying an inhibitor of the thiolactone inducer represents a potentially exciting target for non-antibiotic C. difficile inhibition. Work to characterise the structure of the thiolactone is ongoing and once identified, screening for inhibitors from the gut microbiome or chemical compound banks could begin.
A number of anti-C. difficile small molecules have been identified with varying levels of efficacy. An anti-virulence compound which targets TcdB has been described [116] . The compound, Ebselen (2-phenyl-1,2-benzoselenazol-3-one), was identified from a high-throughput screen of a library of bio-available drugs and functions by inhibiting glucosylation of Rho and Rac GTPases by preventing auto-processing of TcdB. The compound also improved survivability and reduced disease symptoms in a murine model of CDI. Perhaps most promisingly, Ebselen has been used in phase II clinical trials for unrelated conditions and has been found to be safe and well tolerated in humans, which may expedite its use for CDI [117] . Similarly, Tam et al. identified a number of compounds which target TcdB. Interestingly, one of the compounds was a bile acid derivative, methyl cholate, which prevented TcdB binding to cell receptors [118] .
Knowledge from such studies could also inform microbiome screening for similar molecules. For example, biological therapeutic molecules produced by probiotic microorganisms may also provide novel compounds to target C. difficile. Ripert and co-workers identified a protease (encoded by the aprE gene), produced by the probiotic strain Bacillus clausii O/C, which could protect Vero and Caco-2 cell lines from the cytotoxic effects of C. difficile [119] . Furthermore, B. clausii culture supernatant prevented C. difficile-toxin-mediated upregulation of RhoB, which contributes to the cytotoxic effects and apoptosis [120] .
Bacteriocins
Bacteriocins are a diverse family of ribosomally synthesised, antimicrobial peptides produced by bacteria. Hundreds of bacteriocins have been characterised which can have broad-or narrow-spectrum activity against a range of Gram-positive and Gram-negative bacteria (see Cotter et al. for an extensive review [121] ). Thousands more bacteriocins and other antimicrobials remain uncharacterised, but have been identified in genome and metagenome sequence datasets and therefore represent a large pool of potentially novel antimicrobials [122] [123] [124] .
As mentioned previously, the human microbiome collectively encodes thousands of antimicrobial compounds. A recent study identified a novel peptide antibiotic, lugdunin (produced by a nasal isolate of Staphylococcus lugdunensis), with in vitro and in vivo activity against a number of pathogens, including methicillin-resistant S. aureus (MRSA) [125] . Another study showed Enterococcus faecalis expressing a plasmid-encoded bacteriocin could displace vancomycin-resistant enterococci (VRE); indicating bacteriocin production can provide a competitive advantage and influence niche colonisation [126] . In the case of C. difficile, microbiome screening identified a novel two-component bacteriocin produced by Bacillus thuringiensis [127] . Approximately 30,000 isolates from a human faecal sample were screened for activity against C. difficile. One isolate produced a potent, narrow-spectrum bacteriocin (thuricin CD), active in the nanomolar range. Perhaps the most attractive feature of thuricin CD, is that it displays negligible activity against the commensal gut microbiota, making it an extremely attractive therapeutic candidate. Further work revealed that thuricin CD is as effective as metronidazole and vancomycin against C. difficile in a distal colon model [128] ; however, degradation and availability in the gastrointestinal tract may be an issue to be overcome if thuricin CD is to be developed as a therapeutic [129] . Interestingly, similar gene clusters to that which encode thuricin CD have been identified in genome and metagenome datasets using a bioinformatics approach, indicating that further novel variants with therapeutic potential are yet to be characterised [130] .
Nisin, the archetypal bacteriocin, is produced by many strains of Lactococcus lactis and has been used for many years as a food additive. Bartoloni et al., assessed the in vitro efficacy of nisin against 60 clinical isolates of C. difficile compared to vancomycin and metronidazole. Nisin was found to be the most active of the three compounds and had the lowest minimum inhibitory concentration (MIC) range [131] . Nisin has also been shown to be effective at killing C. difficile in a model human colon, albeit at high concentrations (20 times the MIC; 76 µmol/L). However, the higher concentration was also associated with undesirable alterations to the commensal microbiota, with reductions in Ruminococcaceae, Lachnospiraceae, Lactobacillaceae/Leuconostocaceae and bifidobacteria [132] .
Lacticin 3147 is another bacteriocin produced by strains of L. lactis [133] with potent anti-C. difficile activity. Lacticin concentrations as low as 18 µg/mL can eliminate 10 6 CFU/mL of C. difficile within 30 min [134] and is comparable in efficacy to metronidazole and vancomycin in a model faecal environment. Less appealing, is the observation that lacticin has a similar effect on the resident gut microbiota as metronidazole and vancomycin, with a reduction in members of Firmicutes and Bacteroidetes and an increase in Proteobacteria [128] . This also adds to previous evidence that lacticin has a negative impact on lactobacilli and bifidobacteria [134] .
Bioengineering of bacteriocins to make them more active against a particular pathogen offers potential to broaden the number of available therapeutics. Gebhart et al., discovered a novel type of bacteriocin, termed "diffocins", which are produced by, and can kill C. difficile [135] . Diffocins are phage tail-like particles with bactericidal activity, similar to R-type pyocins produced by Pseudomonas aeruginosa. In a follow-up study, diffocins were modified to target common ribotype 027 strains and improve their physiochemical properties (e.g., pH and temperature stability). Highly potent and with an exquisitely narrow-spectrum of activity, these molecules could prevent colonisation by C. difficile following successful passage through the murine GI tract. In addition, treatment with the modified diffocins did not alter the commensal gut microbiota [136] . Taken together, these results suggest diffocins should be investigated further for potential use in humans. Furthermore, other bacteriocins, such as nisin, actagardine and mutacin have also been bioengineered to enhance their activity against C. difficile [137] [138] [139] [140] . Integrating developments in synthetic biology and genetic engineering may enable the development of bioengineered probiotics, which target specific pathogens and toxins; (C) (I) Whole genome sequencing (WGS) has the potential to revolutionise pathogen diagnostics. Ultra-fine resolution single nucleotide polymorphism (SNP) analysis and phylogenetic reconstructions can help improve the identification of the source of an infectious disease outbreak, as well as potential transmission events. Improvements to DNA sequencing technologies, such as Oxford Nanopore's MinION, could also dramatically reduce the time from sample isolation to pathogen identification; (II) Similarly, microbiome-wide association studies (MWAS) have the potential to improve our understanding of disease dynamics and the complex interactions between pathogen and the host microbiota during infection, by integrating approaches such as metagenomics, metaproteomics, metatranscriptomics and metabolomics. involves the transfer of a whole stool preparation from a healthy donor to a patient with CDI. Cure rates of~90% have been reported from numerous trials of patients with CDI, making FMT one of the most promising non-antibiotic therapeutics; (II) Use of defined mixtures of bacterial strains or spore preparations have also been trialled for treatment of CDI; (III) Antimicrobial compounds produced by bacteria, such as bacteriocins and small molecule metabolites have been identified, some with potent anti-C. difficile activity (e.g., thuricin CD); (IV) Probiotic strains of bacteria and yeast may hold some promise for the prevention of CDI, when administered as adjunct therapies with antibiotics; (V) Integrating developments in synthetic biology and genetic engineering may enable the development of bioengineered probiotics, which target specific pathogens and toxins; (C) (I) Whole genome sequencing (WGS) has the potential to revolutionise pathogen diagnostics. Ultra-fine resolution single nucleotide polymorphism (SNP) analysis and phylogenetic reconstructions can help improve the identification of the source of an infectious disease outbreak, as well as potential transmission events. Improvements to DNA sequencing technologies, such as Oxford Nanopore's MinION, could also dramatically reduce the time from sample isolation to pathogen identification; (II) Similarly, microbiome-wide association studies (MWAS) have the potential to improve our understanding of disease dynamics and the complex interactions between pathogen and the host microbiota during infection, by integrating approaches such as metagenomics, metaproteomics, metatranscriptomics and metabolomics.
Conclusions
C. difficile is a significant cause of morbidity and mortality worldwide. The emergence of hyper-virulent epidemic strains and increases in community-acquired CDI are worrying developments. While inherently resistant to many antibiotics, C. difficile has largely remained sensitive to first line antibiotic treatment options of metronidazole, vancomycin and fidaxomicin. The unique nature of CDI, where antibiotic therapy is actually a major risk factor for development of infection, has driven research to identify non-antibiotic alternatives. Such research has evolved in parallel with the explosion in microbiome research. Insights gained from the human microbiome, and more specifically the human gut microbiome, has revealed novel therapeutic options for CDI. In this review, we have outlined a number of such options. At this time, FMT appears to be best placed as an alternative to antibiotics, although adoption of FMT as a first-line treatment is not yet recommended. Future developments to identify what mix of strains best protect against C. difficile colonisation could alleviate some of the safety concerns associated with FMT. More refined therapies, such as spore treatments, have shown some promising initial results, but a recent failed clinical trial has dampened enthusiasm for this approach somewhat and further research is needed. Integrative approaches such as MWAS are still at an early stage, but have to the potential to identify important ecological interactions, metabolites and the dynamics of colonisation and progression of infection. WGS has shown promise in outbreak detection and identifying transmission events. Improvements to this technology could revolutionise pathogen diagnostics and infection control policies. The use of probiotics in preventing AAD and CDI remains somewhat controversial, with many conflicting studies on their efficacy. Much larger, randomised, double-blind, placebo controlled trials are needed in the future to clarify the potential positive benefits of probiotics. Microbial small molecule metabolites and antimicrobial compounds active against many pathogenic bacteria, including C. difficile, have been identified. The most difficult step is translating these discoveries into therapeutics efficacious and safe for use in humans. Overall, it is encouraging that many alternative and diverse therapeutics for C. difficile are under development. This review has not covered many other options, such as alternative antibiotics, synthetic drugs and vaccine-based approaches (reviewed in [141, 142] ). Future research and collaboration will undoubtedly identify further treatment options and therapeutic targets, while also progressing current options to a stage where they can make a meaningful contribution to treatment of CDI.
